 Takeichi 
To identify genes expressed specifically in the retina, thin connecting cilium.
we constructed a bovine retina cDNA library that had A number of inherited retinal degenerations are been subtracted with bovine brain cDNA and normalized, caused by mutations that disrupt the integrity or assemas described previously (Rattner et al., 2000) . An initial bly of the outer segment. Alterations in peripherin/rds screen of 1000 partial cDNA sequences revealed a seor ROM-1 (structural proteins within the outer segment quence with cadherin domains. As described below, this disks) produce defects in disk morphogenesis ( . This comparison shows of the high throughput human genome sequence in the GenBank database identified a single gene with high that prCAD is not highly related to any of the major subfamilies of cadherins and thus defines a new branch homology to bovine prCAD (Ͼ85% amino acid identity) that maps to chromosome 10. Localization of human in the cadherin tree. The cytoplasmic domain of prCAD shows no significant homology to any other sequences prCAD to chromosome 10q22 (locus SHGC-11466) was confirmed using the TNG4 radiation hybrid panel.
in the protein or translated DNA sequence databases. Several sequence blocks within this domain that show The deduced prCAD amino acid sequences reveal a signal peptide, six extracellular cadherin repeats, a high interspecies conservation may represent protein interaction domains. putative transmembrane domain, and a ‫051ف‬ amino acid long cytoplasmic domain ( Figures 1A and 1B) . Although the overall arrangement and number of domains Tissue Distribution and Subcellular Localization of prCAD within prCAD conform to the structure of the protocadherins from the CNR subfamily of neuronal receptors, Hybridization of a mouse prCAD cDNA probe to total RNA from various rat tissues revealed a 4.5 kb transcript sequence alignment reveals that prCAD is not highly related to this subfamily. prCAD also shows only weak present exclusively in the retina (Figure 2A ). Similar results were obtained upon hybridization of a bovine homology to invertebrate cadherins, which generally diverge significantly from vertebrate cadherins in extracelprCAD probe to total RNA from bovine tissues (data not shown). The distribution of prCAD mRNA was further lular repeat number and composition (Yagi and Takeichi, 2000). Since variability in the number and sequence of defined by in situ hybridization to mouse retina ( Figure  2B ) and bovine retina (data not shown). In both species, the extracellular cadherin repeats complicates compari- prCAD transcripts were detected only in the outer nusite. Although these experiments cannot rule out the possibility that a population of antigenically masked clear layer, indicating expression in photoreceptors.
To localize the prCAD protein within photoreceptor prCAD proteins is present at the distal tip of the inner segment, the simplest interpretation of the data is that cells, rabbit polyclonal antibodies were raised against the C-terminal 16 amino acids of mouse prCAD and prCAD is localized to the base of the outer segment. No other protein with this subcellular distribution has thus against a fusion protein encompassing the first two cadherin domains. At the light microscope level, the two far been described. sets of antibodies produce identical patterns of immunostaining; the figures below present results obtained Photoreceptor Cell Death in prCAD Ϫ/Ϫ Mice To study the in vivo function of prCAD, we generated a with the antipeptide antibodies. The specificity of the anti-prCAD antibodies was also verified by staining retipresumptive null mutation in the mouse germline by replacing exons 10-17 of the prCAD gene (which code nas from prCAD ϩ/Ϫ and prCAD Ϫ/Ϫ mice, as discussed below. Labeling mouse retina sections with affinity-purifor the C-terminal two-thirds of the protein) with the PGKneo selectable marker ( Figures 5A and 5B) . prCAD fied anti-prCAD antibodies shows that prCAD is present in rod photoreceptors and is localized to the junction transcripts and prCAD protein are undetectable in the retinas of prCAD Ϫ/Ϫ mice, as shown by RNA blot hybridbetween the photoreceptor inner and outer segments. This subcellular localization can be clearly demonization ( Figure 5C ) and immunostaining of retina sections with antibodies directed against the C terminus strated by double-labeling mouse retina sections with anti-prCAD antibodies in combination with monoclonal ( Figure 5D ) or against the first two cadherin domains (data not shown). In the ERG and histologic analyses antibodies to either the Na/K ATPase, which is an inner segment protein ( Figures 3A and 3C ), or the cGMP gated described below, no differences were observed between prCAD Ϫ/Ϫ mice maintained on 129 inbred or 129 X channel (CNCG), which is an outer segment protein (Figures 3B and 3D) . prCAD is also present at the inner C57BL/6j backgrounds. prCAD Ϫ/Ϫ mice are viable and fertile and show no segment/outer segment junction in cone photoreceptors as determined by double-labeling mouse retina secovert anatomic or behavioral abnormalities, consistent with the tissue specificity of prCAD expression. In tions with anti-prCAD antibody and peanut agglutinin, which specifically labels the extracellular matrix that prCAD Ϫ/Ϫ mice, the development of the retina appears essentially normal as judged by its appearance at 1 month ensheaths cones (Figures 3E and 3F) . When viewed by confocal microscopy in a plane close to that of the retina, of age ( Figure 6A ). However, a progressive loss of photoreceptor cells is observed over the ensuing 5 months, the prCAD signal appears crescent-or ring-shaped with a diameter of ‫5.1ف‬ m (Figure 3F ), suggesting that most with a 50% reduction in the number of nuclei in the outer nuclear layer by 6 months of age, the latest time point of the prCAD resides in or close to the lateral edge of the photoreceptor rather then in the much smaller analyzed ( Figures 6A and 6B ). This cell loss appears to occur via apoptosis, as seen in a variety of mouse modconnecting cilium.
Preembedding immunoelectron microscopy using afels of retinal disease ( responses to the two least-intense flashes in the series b-wave near the spectral sensitivity peaks of the two cone pigments (S UV /S M ) are given in Table 1 . (symbols superimposed on traces). Table 1 
prCAD
Ϫ/Ϫ mice to have only modest deficiencies in the mice and humans predicts that mutations in human prCAD are likely to cause retinal disease. At present, no amplitudes of the principal components of the ERG (Figure 8; Table 1, b max,scot ; a max ; b max,phot ) and in other quantitaretinal disease has been mapped to the human prCAD locus, but this may simply reflect the paucity of mapped tive descriptors of function (I 0.5 for the scotopic b-wave; KA). The most severe defect in prCAD Ϫ/Ϫ responses is retinal disease genes with recessive inheritance. Although the severity and time course of disease phenoin the saturated amplitude of the a-wave, which is reduced in prCAD Ϫ/Ϫ mice to 30%-50% of its amplitude in type often varies in comparing the corresponding mouse and human gene mutations, genetic lesions that lead prCAD ϩ/ϩ or prCAD ϩ/Ϫ mice. A defect of this magnitude would be expected if the total rod outer segment plasma to photoreceptor degeneration in the mouse have, in general, manifest as one of several photoreceptor dismembrane in the retinas of prCAD Ϫ/Ϫ mice were reduced by a similar percentage but had the normal density of eases in humans: Leber's congenital amaurosis, retinitis pigmentosa, or macular degeneration. cGMP-activated channels, carrying inward currents that are suppressable by the light-activated cascade.
Experimental Procedures
Normal functioning of the rod transduction cascade in the absence of prCAD is also supported by the statistical cDNA and Genomic DNA Clones equivalence of the amplification parameter, KA, across Multiple independent cDNA clones encoding bovine, mouse, and the three prCAD genotypes (Table 1) Mice were tested at 8-9 weeks of age. They were dark-adapted over night and prepared for recording protein (MBP, New England Biolabs) was produced in E. coli, purified by amylose affinity chromatography, and used for affinity purificaunder dim red light. Before recording commenced, animals were maintained in complete darkness for 15 min. tion of immune sera after covalent coupling to Affi-Gel 10.
Light Calibrations
The methods used for light stimulation and calibration of light stimuli Immunohistochemistry have been given in detail in Lyubarsky et al. (1999) . Flash and steady Mouse eyes or eyecups were fixed by immersion in 4% paraformallight intensities were calibrated in terms of photons m Ϫ2 or photons dehyde in PBS for 4 hr at 4ЊC, cryoprotected in 30% sucrose, and m Ϫ2 s Ϫ1 at the cornea; these numbers represent the flux density embedded in OCT. Frozen sections (10 m) were incubated for 1 incident upon a photodiode positioned at the location of the mouse's hr in PBS containing 10% goat serum and 0.3% Triton X-100 and eye in the ganzfeld stimulator. In previous reports, stimulus intensiincubated in PBS containing the primary antibody, 10% goat serum, ties were then converted into estimated numbers (or rates) of photoand 0.3% Triton X-100 overnight at 4ЊC. Primary antibody was deisomerizations, obtained by dividing the photon flux density at the tected with fluorescein-or Texas red-conjugated goat anti-mouse cornea by the surface area of the retina, and multiplying by the or goat anti-rabbit antibodies (Vector). Anti-rhodopsin mAb 1D4 was estimated end-on collecting area of a rod or cone. Because the rod purified using caprylic acid precipitation (Harlow and Lane, 1988) and cone outer segments of prCAD Ϫ/Ϫ mice are highly disorganized, and directly conjugated to Oregon Green (Molecular Probes). Mouse conversion of intensities to photoisomerizations is problematic, and anti-rhodopsin mAb 1D4, anti-ROM-1 mAb 1D5, and anti-CNCG ␣ so we report flash illumination for experiments involving rod-driven mAb 1D1 were gifts of Dr. Robert Molday (Molday, 1998) 
Analysis of Rod A-Waves

TUNEL Labeling
The a-wave of the ERG is the field potential generated primarily by Terminal deoxynucleotide transferase-mediated dUTP nick end lamassed suppression of the circulating current of rods. We analyzed beling (TUNEL) was performed on fresh-frozen retina sectioned at a-waves with a model of the activation phase of the rod transduction 14 m, postfixed in 4% paraformaldhyde in PBS, and labeled by cascade (Lamb and Pugh, 1992) . The model predicts a-waves to incorporation of fluorescein-conjugated dUTP using the in situ Cell obey the relation Death Detection kit (Roche).
(1) Plastic Sections and Electron Microscopy Eyes were immersion-fixed in PBS containing 2% glutaraldehyde and 2% paraformaldehyde for ‫02ف‬ min before removal of the lens.
where a(t) is the a-wave, a max is its saturating amplitude, φ is the Eyecups were further fixed in the same fixative overnight at 4ЊC, number of photoisomerizations rod Ϫ1 produced by a particular flash, then fixed in 1% osmium tetroxide, stained with 1% uranyl acetate, A is a parameter (the amplification constant) characterizing the comdehydrated, and embedded in Unicryl resin. Sections (0.5-1.0 m) posite gain of the cascade steps, and t eff is a brief delay. This model were stained with toluidine blue for light microscopy. Ultrathin secwas fitted to an ensemble of a-wave responses of each mouse and tions were stained with uranyl acetate and lead citrate for transmismodified to incorporate a mammalian rod membrane time constant sion electron microscopy. of 1 ms (Smith and Lamb, 1997). The conversion of flash intensity expressed in luminance units to photoisomerizations rod Ϫ1 can be Immunoelectron Microscopy written φ ϭ KI, where I is the time-integrated luminance of the Eyes were immersion-fixed in PBS containing 4% paraformaldeganzfeld wall, and K is a constant that incorporates a number of hyde, 0.1% glutaraldehyde and 2 mM MgCl 2 for 10 min before disseceye-specific factors (see e.g., Lyubarsky and Pugh, 1996; Lyubarsky tion of the retina. Retinas were fixed for a total of 1 hr at room et al., 1999). Because of the defects in photoreceptor structure temperature in the same fixative and blocked with 50 mM NH 4 Cl for in prCAD Ϫ/Ϫ mice, K cannot be estimated unequivocally for these 20 min and then with blocking solution (PBS containing 10% NGS animals, and so we report the results of applying equation 1 in terms and 0.3% Triton X-100) for 3 hr at room temperature. Retinas were of the product, KA, which has the units (scot. Cd. s m Ϫ2 ) Ϫ1 s Ϫ2 . incubated for 2 days at 4ЊC with primary antibodies in blocking solution, washed over 12 hr at room temperature with PBS conAcknowledgments taining 0.3% Triton X-100, incubated overnight with 0.8 nm goldconjugated goat anti-rabbit antibodies (Aurion, The Netherlands) at
The 
